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Abstract 
The redox gradient along the sinusoid in the rat liver was studied using a redox scanner, a device based on tissue fluorescence 
scanning spectroscopy measuring the fluorescence signals of oxidized flavoprotein (FP) and reduced pyridine nucleotide (PN). The 
FP/(FP + PN) ratio reflects the mitochondrial redox state in the liver tissue. The distribution of mitochondrial redox state on the scanned 
area is expressed as two-dimensional gray-scale images with a 20/Lm resolution. Using this instrument, we have scanned a 2.5 × 2.5 mm 
area of the frozen rat liver sample to investigate the redox gradient within acini and the effects of glucagon on the changes in the redox 
distribution. The redox images obtained in the perfused livers showed mosaic patterns implicating a regular heterogeneity of redox state in 
an acinus. The analysis of gradient curve, furthermore, clarified that the redox level in an acinus decreased sigmoidally from the 
periportal to the pericentral region. Glucagon, which has been reported to reduce the intracellular redox state, decreased the redox 
potential in whole acini, especially, in the periportal region, when compared with the perfusion without glucagon. These results trongly 
indicate an intraacinus heterogeneity of glucagon function, with glucagon selectively operating in the upstream of the sinusoid. 
Kev~ords: Liver acinus: Redox gradient; Glucagon perfusion; (Rat) 
1. Introduction 
Hepatocytes are organized into three-dimensional struc- 
tures known as acini. Since the perfusion of hepatocytes 
within an acinus is unidirectional from the terminal portal 
vein to the terminal hepatic vein, oxygen, substrate and 
hormonal gradients, as well as those of various metabolic 
products, are created along the sinusoid [1], resulting in 
different microenvironments around the hepatocytes near 
the inlet and outlet of the acinus. Comparative studies of 
enzymic activities in relation to glucose metabolism indi- 
cate that glycolysis occurs predominantly in the pericentral 
area and that gluconeogenesis, n contrast, predominates in 
the periportal area of the acinus [2,3]. Oxygen consump- 
Abbreviations: FCCP, carbonyl cyanide-p-trifluoromethoxyphenyl- 
hydrazone: FP, flavoprotein; PN, pyridine nucleotide; S.D., standard 
deviation. 
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tion rate has also been reported to be greater in the 
periportal than in the pericentral area [4]. Thus, as Rappa- 
port proposed in his zonation of hepatic parenchyma [5], 
the liver acinus is constructed from morphologically, bio- 
chemically and functionally different parts, by which token 
the liver may be regarded as a heterogeneous organ. 
With respect o the oxidation-reduction state at the level 
of the liver acinus, Quistorff and Chance have previously 
demonstrated in perfused liver models that a heterogenous 
redox distribution is present within an acinus [6]. Their 
study indicated that the periportal hepatocytes were more 
oxidized and the pericentral ones were more reduced. 
The redox scanner used for their study is a time-shar- 
ing, two-dimensional tissue fluorometer that measures i- 
multaneously both the oxidized form of flavoproteins (FP) 
and the reduced form of pyridine nucleotides (PN) in 
micro sections on the liver surface. Since the fluorescence 
signals of FP and PN measured at low temperature origi- 
nate mostly from the mitochondrial compartment, the 
FP / (FP  + PN) ratio reflects the intracellular, predomi- 
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nantly mitochondrial redox state. The redox distribution on 
the scanned area was displayed as a two-dimensional 
gray-scale image with a resolution of 50 /zm and a fre- 
quency histogram by computer analysis [7,8]. 
Using an improved redox scanner with a finer micro- 
light guide and a narrower step-size of scanning, we have 
succeeded in obtaining more detailed redox images with a 
resolution of 20 /zm in the in situ and perfused rat livers. 
Since the size of a single hepatic acinus in rat liver is on 
the order of 0.5-1.0 mm in diameter, one acinus can be 
scanned by 625-2500 pixels. Furthermore, we have intro- 
duced a new analysis program for evaluating the redox 
state in any given area on the scanning surface. The high 
resolution and the image analysis technique allowed us to 
analyze the heterogenous distribution of redox state within 
an liver acinus more minutely and quantitatively. 
It has been reported that glucagon enhances gluconeo- 
genesis in the liver, concomitantly reducing the intra- 
cellular redox state [9-11]. The reports implicating the 
redox reduction by glucagon, however, have been largely 
based on evidence derived from isolated hepatocytes or 
mitochondria pretreated with glucagon. It has been unclear 
how glucagon actually induces the reduction of redox level 
in the intact liver acinus that has a heterogenous distribu- 
tion of redox state. 
The purpose of this study is twofold: first, to quantita- 
tively demonstrate the changes in redox level along the 
sinusoid in the perfused livers; and second, to investigate 
the influence of glucagon on the redox state at the level of 
the liver acinus. 
2. Materials and methods 
2.1. Animals 
Male Sprague-Dawley rats (200-250 g) were fasted 
except water for 48 h before experiments. 
2.2. LiL'er perfusion 
Following anesthesia with intraperitoneal injection of 
pentobarbital sodium (5 mg/100 g body weight), rat livers 
were perfused with oxygenated Krebs-Henseleit bicarbon- 
ate buffer (pH 7.4, 35 ° C) via a plastic catheter cannulated 
into the portal vein. Perfusion was performed in a non-re- 
circulatory system driven by roller pump at a flow rate of 
20 ml/min. On the perfusion table, a second catheter was 
inserted into the inferior vena cava and connected with the 
outflow line. The perfusion medium was saturated with a 
gas mixture of 95% 02-5% CO 2 or 95% N2-5% CO 2. 
Portal pressure during the perfusion was continuously mea- 
sured. The rates of oxygen consumption in the perfused 
liver were calculated from the flow rate, the liver weight 
and the differences in partial oxygen pressure between the 
influent and effluent which were continuously monitored 
by two oxygen electrodes installed in the inflow and 
outflow lines. Partial oxygen pressure was recorded 
polarographically with a Clark-type oxygen electrode. 
2.3. Protocol 1: calibration study of FP/(FP + PN) 
(1) Uncoupler perfusion: to obtain maximally oxidized 
samples, FCCP (carbonyl cyanide-p-trifluorometho- 
xyphenylhydrazone) was added to the perfusate. To deter- 
mine the optimal concentration, perfusions at four different 
FCCP concentrations (10 -6, l0 -7, 10 -8, 10 -9 M) were 
performed separately for 20 min each. 
(2) 95% N2-5% CO 2 gas mixture perfusion: the liver 
was perfused for 20 rain with N2-saturated perfusate to 
obtain the fully reduced sample. 
2.4. Protocol 2: gluconeogenesis tudy 
(1) Lactate perfusion (control): 10 min after preperfu- 
sion with Krebs-Henseleit bicarbonate buffer, 5 mM lac- 
tate was added to the perfusate as a substrate for gluconeo- 
genesis for 30 rain (n = 6). 
(2) Glucagon perfusion: 10 rain alter preperfusion with 
Krebs-Henseleit bicarbonate buffer, 5 mM lactate and 
10 7 M glucagon were added to the perfusate for 30 min 
(n = 6). Glucagon was employed in the concentration at 
which its effects reached maximum levels as reported by 
Kimmig et al. [12]. 
5 ml of effluent perfusate was collected 1 min before 
the end of perfusion and used for glucose analysis. The 
glucose concentration was measured by an enzymatic spec- 
trophotometric method [13]. 
2.5. LiL~er sampling 
At the end of perfusion, the liver tissue was quenched 
as quickly as possible by aluminum tongs precooled in 
liquid nitrogen. Liver weight, which was the sum of the 
frozen sample and the remaining liver, was then measured. 
In another set of experiments, the liver was freeze- 
clamped in situ to utilize hemoglobin distribution as an 
indicator of the structural acinus. 
2.6. Measurement of tissue fluorescence from frozen sam- 
ple by redox scanner 
Optical measurements of hepatic tissue were done fol- 
lowing the method described by Quistorff et al. [9]. All 
measurement procedures were done in a liquid nitrogen- 
filled chamber to prevent redox transition and to gain 
stronger fluorescence [14]. A freeze-sampled specimen of 
liver tissue was mounted in a holder and milled flat to a 
depth of 300-500 /zm. The multifiber microlight guide 
used was of the one-end-fused two-branch type, and was 
constructed with 20 /zm-diameter quartz fibers. The light 
guide scanned a small area on the milled sample surface in 
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Fig. 1. (A and B) Two-dimensional gray-scale images of the FP/(FP + PN) (A) and the PN (B) from the in situ liver. Both images were obtained from the 
same scan of the rat liver freeze-clamped in the presence of hemoglobin. Each image shows the 2.5 × 2.5 mm sample surface at a 20/zm resolution and is 
reconstructed from 15625 measurement points. In the FP/(FP + PN) image, the light areas represent more oxidized and the dark areas more reduced redox 
regions. In the PN image, the light areas represent high concentrations, and the dark areas represent low concentrations of hemoglobin. 
20 /xm increments under computer control. The distance 
between the light-fiber tip and the sample surface was 
constantly kept at about 50 /zm during scanning to prevent 
changes in light intensity. The mercury arc light was 
focused on the excitation branch of the light guide and the 
other branch was connected with a photomultipl ier for 
emission sampling. In the light pathways of  excitation and 
emission, two synchronized isks containing optical filters 
rotated at 60 Hz. The wavelengths of  excitation and emis- 
sion filters for measurement of PN were 355 and 450 nm, 
respectively. Those for measurement of  FP were 460 and 
520 nm. Since the calculated spatial resolution was approx. 
FP 
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Fig. 2. Frequency-distribution histograms of the 1~, PN and FP/(FP + PN) in the calibration study. Prior to freezing, livers were perfused with 35 ° C 
K~bs-Henscleit bicarbonate buffer at four different concentrations (10-6, 10-7, 10-8, 10-9 M) of FCCP or in anoxic condition. All histograms represent 
2 × 2 mm scans at a 20 /xm resolution, with 10000 pixels per scan. The x-axis shows the fluorescence intensity in the FP and PN histograms with 
arbitrary unit, and the redox ratio in the FP/(FP + PN) histograms. The y-axis shows the frequency in which the particular FP, PN and FP/(FP + PN) 
values were recorded in the scan. The maximal frequency was adjusted automatically to full scale in each histogram. Numbers in the boxes of the 
FP/(FP + PN) histograms represent the mean :t: S.D. of the FP/(FP + PN) histograms. 
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20 /zm [15], a single scan of a 2 × 2 mm area of sample 
surface consisted of 10 000 measurement points. The opti- 
cal data for FP, PN and FP/(FP + PN) for each point were 
stored in a computer and represented as two-dimensional 
gray-scale images and frequency-distribution histograms. 
2.7. Materials 
Lactate, glucagon and FCCP were obtained from Sigma. 
All other chemicals were of analytical reagent grade. 
2.8. Statistical analysis 
The data were analyzed using analysis of variance and 
two sample t-test with the confidence limit set at 95%. The 
values were expressed as means -+ S.E. 
3. Results 
Figs. 1A and B show the two-dimensional FP/(FP + 
PN) and PN images, respectively. Both images were ob- 
tained from the same scan of the 2.5 × 2.5 mm area on the 
liver sample which was quenched in situ in the presence of 
hemoglobin. In the FP/(FP + PN) image, the light areas 
represent the more oxidized, and the dark areas the more 
reduced regions. Since PN emission (450 nm) is absorbed 
by hemoglobin [9], the area surrounding the Glisson's 
sheath and the central vein, which have a high concentra- 
tion of hemoglobin, are imaged as dark areas. The PN 
image from the liver containing hemoglobin can thus be 
used as an indicator of the structural acinus. The light 
areas shown in the PN image also corresponded well to the 
size of acinus reported by Rappaport [5]. When the 
FP/(FP + PN) image is compared with the acinous pattern 
obtained by the PN image, it is clearly demonstrated that 
the hepatocytes near the inlet of the acinus are more 
oxidized. 
Fig. 2 shows the frequency-distribution histograms of 
the FP, PN and FP/(FP + PN) derived from the scans of 
2 X 2 mm area on the liver samples which were obtained 
in the calibration study. The x-axis represents he fluores- 
cence intensity in the FP and PN histograms with arbitrary 
unit, and the redox ratio in the FP/(FP + PN) histograms. 
The y-axis represents he frequency in the scan in which 
particular FP, PN and FP/(FP + PN) values were recorded. 
The maximal frequency was adjusted to the full scale in 
each histogram. For statistical management of the FP/(FP 
+ PN) histogram, the redox distribution in the 2 × 2 mm 
area of the scanned liver surface can be represented by 
mean + standard eviation, as shown in the boxes of the 
FP/(FP + PN) histograms. Along with the increase in the 
oxidation of respiratory pigments by FCCP, it was ob- 
served that the FP histogram shifted to the right and the 
PN histogram to the left, such that the FP/(FP + PN) ratio 
became higher, reaching a steady state which showed the 
maximal effect of FCCP. On the contrary, N2-saturated 
perfusion caused the complete reduction of respiratory 
pigments. From the series of FCCP perfusions and anoxic 
perfusion, it has been demonstrated that the FP/(FP + PN) 
ratio in liver tissue could be expected to be between 0.639 
for the maximally oxidized state and 0.212 for the fully 
reduced state. 
Table 1 shows the changes in the liver perfusion param- 
eters in gluconeogenesis tudy with and without glucagon. 
The rate of glucose production was enhanced significantly 
by the administration of glucagon. On the other hand, the 
rate of oxygen consumption and portal pressure were not 
changed significantly by glucagon. These data indicated 
that glucagon efficiently enhanced glucose production in 
the liver. 
Figs. 3A and B show typical two-dimensional FP/(FP 
+ PN) images. Both images represent a 2 × 2 mm area on 
the samples which were obtained from the control with 
lactate perfusion and from the perfusion with lactate and 
glucagon, respectively. The light and dark areas in these 
images represent the more oxidized and more reduced 
levels of redox state, respectively. The site corresponding 
to the structural acinus has been encircled on each image, 
with its reduced pericentral rea in the middle. 
Figs. 4A and B show the changes in the FP/(FP + PN) 
taking place along the dotted lines in the above-mentioned 
circles. Three curves of redox gradient per encircled acinus 
were displayed with the left side as the periportal and the 
Table 1 
Effects of glucagon on glucose production and oxygen consumption i the perfused rat liver 
Lactate (n = 6) Lactate glucagon (n = 6) 
Glucose production (/xmol/min per g liver) 0.086 + 0.013 0.319 + 0.043 ~ 
Oxygen consumption 1.653 + 0.053 1.823 + 0.091 
( ,umol/min per g liver) 
Portal pressure (cm H20) 10.9 + 0.7 11.2 ::t: 0.6 
10 min after preperfusion with 35 ° C Krebs-Henseleit buffer (20 ml/min), either 5 mM lactate or 5 mM lactate and 10 -7 M glucagon were added to the 
perfusion medium via another valves for 30 rain. 1 rain before the end of the perfusion, 5 ml of effluent perfusate was collected for glucose analysis. At the 
same time, portal pressure and oxygen consumption were recorded 
All results are expressed as means + S.E. 
Number of experiments is shown in parentheses. 
a p < 0.001 as compared with lactate perfusion. 
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Fig. 3. (A and B) Typical two-dimensional gray-scale FP/(FP + PN) images of the liver tissue obtained from control perfusion with lactate (A) and from 
the perfusion with lactate and glucagon (B). The conditions for the perfusion, time course in administration of lactate and glucagon and liver sampling 
were described in Section 2. All images represent 2× 2 mm scans with 10000 measurement points of the FP and the PN fluorescence. Different gray 
scales were used for the different images. Each encircled area corresponds to a structural liver acinus. 
fight side as the pericentral area. These gradient curves 
were determined by analyzing the FP/(FP + PN) ratios of 
nine points at the same interval on each dotted line. The 
curves show that the redox gradient had a tendency to 
decrease sigmoidally from the periportal to the pericentral 
area in the perfused livers. 
Figs. 5A and B show the effects of glucagon on the 
changes in redox distribution which is represented by the 
mean and the Standard eviation (S.D.) of FP/(FP + PN) 
histogram, respectively. The mean of the FP/(FP + PN) 
decreased from the control value of 0.430 +0.013 to 
0.367 + 0.014 following perfusion with glucagon, and the 
standard eviation also decreased from the control value of 
0.035 -t- 0.003 to 0.017 + 0.002 (means -t- S.E. of n = 6). 
Since the standard eviation (S.D.) is related to the slope 
of gradient curve, these results demonstrate hat glucagon 
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Fig. 4. (A and B) Gradients of redox state along the sinusoid in the livers perfused with lactate (A) and with lactate and glucagon (B). Gradient curves were 
plotted by analyzing the FP/(FP + PN) ratios of nine points at same intervals along the dotted lines drawn in the circles in Fig. 3. Per encircled acinus, 
three gradient curves were displayed with the left side as the pedportal and the right side as the pericentral rea. The scale of percent oxidation was also 
employed in the right side of the Figure. PP, periportal area; PC, pericentral rea. 
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Fig. 5. (A and B) Effects of glucagon on the redox distribution in an 
acinus. The changes in the mean (A) and the S.D. (B) of the FP/(FP + PN) 
histograms in the presence of glucagon are shown. Glucagon significantly 
decreased both the mean and the S.D. of the FP/ (FP+ PN) histogram. 
Bars by the scatter diagram represent means_+ S.E. 
decreased the redox level in a whole acinus, particularly, 
in the periportal area. 
4. Discussion 
Although the morphological and enzymatical hetero- 
geneity of the liver acinus have been vigorously pursued, 
changes in the redox state at the level of the liver acinus 
still remain poorly understood. One of the reasons for this 
was the lack of a suitable method to measure these changes 
accurately. In the present study, using an improved redox 
scanner with a finer spatial resolution, we have attempted 
to minutely analyze the redox gradient in the rat liver 
acinus and next to investigate the effects of glucagon on 
the gradient curve. 
Some reports on the histochemical analysis of 
NAD+/NADH and ATP/ADP in the periportal and peri- 
central area by the microdissection method indicated that 
the oxidation-reduction state in the liver acinus might be 
uniform [16,17]. However, the present results obtained 
from liver samples quenched in situ in the presence of 
hemoglobin demonstrated anatomical evidence for a redox 
gradient within a liver acinus. This is based on the follow- 
ing findings demonstrated at high resolution: (1) the simi- 
larity in shape and size of the structural acinus and the PN 
image; and (2) the correspondence of the light and dark 
areas in the FP/(FP + PN) image with the acinous pattern 
shown in the PN image (Figs. 1A,B). A comparison of the 
FP/(FP + PN) and PN images from the same scan clearly 
shows that the periportal hepatocytes are more oxidized 
and the pericentral ones are more reduced. 
The FP/(FP + PN) ratio in isolated mitochondria was 
calculated to be between 0.05 and 0.92 [14]. In intact 
tissue, the redox state of intramitochondrial pyridine nu- 
cleotide is regulated by a balance between the supply and 
the consumption of mitochondrial NADH, and so is greatly 
affected by various factors such as oxygen tension, mito- 
chondrial respiratory chain activities, ADP turnover ate or 
enzyme activities transporting reducing equivalents to 
mitochondria. Thus, the mitochondrial redox state in intact 
liver tissue may well be regulated within a different range 
from that of the isolated mitochondria. We therefore per- 
formed a calibration study with a series of FCCP perfusion 
and anoxic perfusion. The data show that the mitochon- 
drial redox state (average of heterogenous redox distribu- 
tion) varied between 0.212 of the fully reduced state and 
0.639 of the maximally oxidized state (Fig. 2). These 
results were used for the calibration in which the FP/(FP 
+ PN) ratio was converted into a percent oxidation. 
As compared with the FP/(FP + PN) image of the liver 
under physiological conditions (Fig. IA), those of the 
perfused livers showed more distinct and regular mosaic 
pattern (Figs. 3A and B). This might be mainly based on 
the difference in oxygen gradient between the two models. 
Since there is no oxygen carrier in the livers perfused by 
hemoglobin-free p rfusate, the gradient of partial oxygen 
pressure is speculated to be more distinctly created along 
the sinusoid [18]. To estimate the actual curve of redox 
gradient, we measured the FP/(FP + PN) ratios in micro 
sections along the sinusoid, demonstrating that the redox 
state was decreasing sigmoidally from the upstreams to the 
downstreams of an acinus in the perfused livers as shown 
in Figs. 4. This is the first study which has demonstrated 
the successive change in the redox level within an acinus. 
The difference in percent oxidation between the inlet and 
the outlet of the sinusoid was approx. A30% in the liver 
perfused with lactate and A23% in the liver perfused with 
lactate and glucagon. 
With respect o the effects of glucagon on the reduction 
of intracellular redox state, the analysis of the mean and 
the standard eviation (S.D.) of FP/(FP + PN) histograms 
obtained from the glucagon perfusion presented interesting 
information about the sigmoidal curves of redox gradient. 
Glucagon significantly decreased both the mean and the 
S.D. of the FP/(FP + PN) histogram (Figs. 5A,B). Since 
the value of S.D. reflects the incline of the redox curve, the 
decrease in the values of both the parameters of the 
FP/(FP + PN) histogram can be interpreted to express that 
glucagon decreases the oxido-reduction state in every zone 
from the periportal to the pericentral area and that the 
decrease of periportal redox state is greater than that of the 
pericentral redox state. Since there is no significant differ- 
ence in the portal pressure in the presence and absence of 
glucagon, it is unlikely that glucagon participates vasoac- 
tively in this perfusion system. Since glucagon is reported 
to reduce the redox level in hepatocytes or mitochondria 
[9-I1], the present data strongly indicate that glucagon 
operates electively in the periportal area, inducing the 
reduction of redox state mainly in the periportal area. 
The action site of glucagon demonstrated by the present 
experiments might be one possible explanation for the 
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efficiency of glucagon function in glucose production. As 
far as the concentrations of substrates, oxygen or enzymic 
activities in gluconeogenesis [2,3] are concerned, the selec- 
tive operation of glucagon to the upstreams would be 
advantageous for glucose production. It seems likely that 
the effects of glucagon are thus made efficient by utilizing 
the heterogeneity of its functional site within an acinus. 
In conclusion, we quantitatively demonstrated the sig- 
moidal redox gradient along the sinusoid by using the 
improved redox scanner and proved the heterogeneity of 
the site of glucagon action in terms of the influence on the 
intrasinusoidal redox state. Further investigation from the 
viewpoint of the relationship between the intracellular 
redox state and the activities of enzymes and hormones 
may be expected to shed new light on the unique metabolic 
functions of the liver. 
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